Dislocation is one of the most critical and fundamental crystal defects that dominate the mechanical behavior of crystalline solids, however, a quantitative determination of its character and property in experiments is quite challenging and limited so far. In this paper, a fully automated Peierls-Nabarro (P-N) analyzer named PNADIS is presented; a complete set of the character and property of dislocation can be automatically derived, including the dislocation core structure, Peierls energy and stress, pressure field around dislocation core, solute/dislocation interaction energy, as well as the energy barrier and yield stress at 0K for solid solution strengthening. Furthermore, both one-dimensional (1D) and two-dimensional 
Introduction
Dislocation is one of the most important and fundamental defects that dominate the mechanical properties of crystalline solids [1] . For instance, the stacking fault width of extended dislocations governs the mobility, cross slip, dislocation-dislocation locking, and so on [1] ; the maximum lattice resistance to dislocation motion, which is generally defined as Peierls energy or stress [2, 3] , is one fundamental quality that describes the crystal plasticity and strength; the solid solute strengthening originates mainly from the "pinning" force of the immobile solute atoms on the dislocation, thus its modelling needs a critical quantification of the solute/dislocation interaction energy [4] [5] [6] . Nevertheless, a quantitative determination of the character and property of dislocation in experiments is quite challenging and limited so far.
Recently, with the development of modeling methodologies and computational sciences, theoretical investigations on the character and property of dislocations have reignited the great scientific interests due to its enhanced prediction precise; the corresponding methodologies can be divided into two categories: atomistic and continuum descriptions [7] .
For the first category, the atomistic description, e.g. flexible boundary conditions [8] [9] [10] and dislocation dipole array [11, 12] , is that the dislocation cores are characterized explicitly in an atom-by-atom manner [7] , in which the atomic structure is determined directly by ab initio density functional theory (DFT) calculation or molecular statics/dynamics simulation. Unfortunately, each approach shows some inherent shortcomings: the ab initio DFT calculation are very expensive computationally as several hundreds of atoms are required for dislocation simulation albeit they are accurate; while the molecular statics/dynamics simulations are efficient in space scale, but it is often limited by the unavailable reliable empirical potentials.
On the other hand, the continuum description treats a dislocation as continuum object, which makes it possible to consider the dislocation behavior on larger length and longer time 5 scales [7] . For decades, one primary continuum description, i.e. the Peierls-Nabarro (P-N) model, has brought considerable interest to study the properties of dislocation due to its simplicity in formulation and efficiency in solution. In the original derivation of P-N model, only the generalized stacking fault energy (GSFE) and elastic modulus are required. Since the proposed elastic-plastic hybrid model [13, 14] , the two-dimensional (2D) P-N model has been widely employed to study the dislocation core structures of various metals (e.g. Mg [15, 16] , Ni [17] , Al [18] and so on) and several transition-metal carbides with B1 structure (e.g. HfC and TaC [19] ). And some have been performed via one-dimensional (1D) P-N model for more complex crystals or slip systems, such as BCC structure (e.g. Fe [20] ), L12 Ni3Al [21] , perovskite (e.g. SrTiO3 [22] and MgSiO3 [23] ) and Mg2SiO4 ringwoodite [24] . More recently, a renewed interest in the P-N model is mostly motivated by the following two facts: i) one more accurate determination of GSFE, owing to the advance of reliable DFT calculation, brings the numerical solution of P-N model into a more realistic level; ii) the limitations of classical continuum P-N (CCPN) model bring the necessary for the newly proposed semidiscrete variational P-N (SVPN) model by Bulatov et al. [25] , which provides results remarkably similar to those from realistic atomistic simulations.
Though the P-N model has been brought more and more interest and has been employed in various crystals successfully, to best of our knowledge, an automated P-N derivation for the character and property of dislocation has not been implemented in any open-source code available in public so far. Therefore, we here present an automated program named PNADIS: Peierls-Nabarro analyzer for dislocation core structure and slip resistance, in which both 1D and 2D P-N models are supported to meet the demand to analyze the character and property of dislocation for not only simple FCC and HCP structures but also complex crystals. A complete set of the character and properties of dislocation is automatically derived, including the dislocation core structure, Peierls energy and stress, pressure field around dislocation core, solute/dislocation interaction energy, as well as the characteristic bow-out distance, energy barrier and yield stress at 0K for solid solution strengthening. To be noted additionally that an automated procedure is adopted with minimum input parameters in PNADIS code to meet the demands of high-throughput scheme.
In this article, we shall firstly give an overview in Section 2 on the theoretical methods of CCPN and SVPN models to calculate the dislocation core structure, Peierls stress, pressure field around dislocation core and solid solution strengthening. Then, Section 3 presents the workflow and automated scheme of the PNADIS code. Afterwards, several comprehensive evaluations and tests have been performed in Section 4 to validate the implementation and reliability of PNADIS code, including 1D P-N model for complex crystals, 2D P-N model for simple metals, pressure field around dislocation core, and solid solution strengthening for various alloys. In the last Section 5, a brief summary is given with a few remarks on the further development of PNADIS code.
Overview of theoretical models and methods

Basic concepts in the P-N model
Disregistry vector u
The dislocated solid is separated into two elastic parts by the slip plane in the P-N dislocation model. Assigning the displacement fields on either side of the slip plane to be  u and  u , respectively, the dislocation can be characterized by the disregistry (or misfit) vector
. Equivalently, the disregistry distribution across the slip plane is characterized by the disregistry (or misfit) density:
. Usually, the disregistry vector can be realistically described by the trial function as follows:
Generalized stacking fault energy or γ-surface γ(u)
The GSFE is a critical energetic quantity that depicts the energy variation when one part of crystal is rigidly sliding with respect to the other part along a given crystallographic plane [12] , and it can be expressed as:
where ESF (E0) is the energy of the slipped (perfect) structure, and A is the area of the slip plane.
As demonstrated by Vitek [28] , the restoring force introduced in the P-N model is simply the gradient of the GSFE ) (u  :
The maximum slope [15, 18] were suggested to express the 2D γ-surface, such as in Ref. [18] : 
Energy factor K
A simplified form of energy factor K of isotropic solid is defined as
where θ corresponds to the angle between the dislocation line and its Burgers vector.
Specifically, θ is equal to 90° and 0° for edge and screw dislocations, respectively. G is the shear modulus and ν is the Poisson's ratio. For anisotropic crystal however, K depends on the slip system and dislocation character, and the anisotropic elastic constants must be accounted for.
Interplanar distance Δx
The interplanar distance Δx or a is defined as the shortest distance between two equivalent atomic rows along the dislocation line direction as the absence of a dislocation [2, 25] , which is crucial for the SVPN model (see Section 2.3) and the calculation of the Peierls stress (see Section 2.4). Specifically, for the edge and screw dislocations of FCC (111) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] or HCP (0001) [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] slip system, Δx is equal to 2 / b and 2 / 3b , respectively. . The elastic energy is obtained as a function of the disregistry vector u(x) by integrating the work of the stress in the slip plane [7] :
Classical continuum Peierls-Nabarro model
By integrating the GSFE along the displacement direction in the slip plane when introducing the disregistry vector u(x), the misfit energy is expressed as [7] 
Now the total dislocation energy expression is obtained as follows:
which is a function of the still unknown disregistry vector u(x).
The unknown u(x) could be determined by solving the equation
which corresponds physically to the balance of the elastic resistance 
According to the methodology proposed by Joos et al. [30] , firstly, the previous disregistry trial functions (i.e. Eqs. (1-2)) are inserted into the left-hand side of Eq. (13) 
Minimizing the total dislocation energy Etotal could also determine the unknown u(x).
By proposing the trial functions of u(x) as suggested in Eq. (1), the elastic energy is transformed into [29] 
, R is the usual outer cut-off radius and
. For the FCC (111) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] dislocation and HCP (0001) [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] dislocation, the off-diagonal component Hxz vanish, i.e. no interaction exists between the edge and screw components [18] . Then, this optimization problem can be solved via particle swarm optimization (PSO) and genetic algorithm (GA).
Semidiscrete Variational Peierls-Nabarro model
Though it has been successfully used in several systems [15, 17, 18] , the CCPN model has several limitations [25] , such as the discrete nature of the crystalline lattice is not considered, and the elastic energy can be unrealistically high for the narrow dislocation core. Therefore, addressing the limitations of CCPN model, a new SVPN model was presented by Bulatov et al. [25] . With replacing the continuum form with the discrete one, the total dislocation energy Etotal is expressed as
where xi are the reference positions.
Peierls stress
Analytical formula
The Peierls stress is defined as the minimum stress for irreversible movement of dislocation with a Burgers vector at 0 K [2, 3] . Assuming a tan -1 profile for the disregistry
and a sinusoidal form of the restoring force per unit area
, an analytical solution for the Peierls stress 
where the dislocation half-width
Peierls stress can be expressed as follows
Discrete dislocation energy approach
When the dislocation locates at the position ε, due to the discrete nature of the crystalline lattice, the misfit energy is rewritten as [2] 
The Peierls energy or Peierls barrier P E represents the average energy change for movement of dislocation from one favorable minimum to a maximum, and is expressed as
Accordingly, the Peierls stress can be determined by [2] 
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In this method, it is noteworthy that the partial dislocations are implicitly considered to be strongly coupled, therefore, the value of P  calculated via Eq. (20) corresponds to the critical stress required for the whole set of partials overcoming the Peierls barrier without any modification of the core structure [23] . Thus, when one partial climbs the Peierls barrier while the second goes down meantime, it may strongly decrease the calculated Peierls stress, since the total misfit energy in Eq. (18) may be profoundly minimized during such process [23] .
Pressure field around dislocation core
The pressure field around dislocation core can be expressed as [31] 
where G and ν are the shear modulus and Poisson's ratio, respectively. n is the number of the partial dislocation. The constants (1)). Via the pressure field, the atoms could be color coded to distinguish the localized stress around the dislocation core.
Solid-solution strengthening
Solute/dislocation interaction energy
In PNADIS code, the solute/dislocation interaction energy is determined via 2D P-N model as suggested by Ma et al. [31] , and is written approximately as the sum of two contributions:
where Evolume and Eslip are the interaction energies because of the volumetric misfit of solute atom against the pressure field around dislocation core, and the effect of solute atoms on γ-surface, respectively.
Volumetric misfit interaction energy:
With the pressure field as Eq. (21), Evolume can be calculated by:
where ΔV is the extra volume introduced by the solute atom, which could be defined in terms of the lattice parameter [31] : 
is the disregistry at position xi on the slip plane yj, ASF is defined as the area per solvent atom on the slip plane. With two approximations suggested in Ref. [31] , Eq. (25) can be simplified as: 
where cSF is the areal concentration of solute atom within the slip plane, and the slip misfit parameter s  could be calculated via the method presented in Ref. [32] .
Solid solution strengthening model
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The Nabarro-Labusch-Leyson solid solution strengthening model [4] [5] [6] 33 ] is employed in PNADIS code, in which it is assumed that the randomly placed immobile solute atom should bow out the straight dislocation because of the solute/dislocation interaction. The final favorite shape of the bow-out dislocation, which is characterized by the characteristic segment length (ζc) and the characteristic bow-out distance (wc), is determined by two competing processed.
Firstly, the binding energy (Ebinding) of the dislocation decreases because of favorable solute fluctuations, and can be expressed as a function of the segment length ζ and bow-out distance w [4] [5] [6] :
where
Here, L and c are the length of dislocation and concentration of solute atom, respectively. 
Secondly, the line energy (Eline) increases due to the bow-out configuration and can be obtained based on the isotropic line tension model [4] [5] [6] :
where Γ is the dislocation line tension, which could be determined from the isotropic linear elasticity [34] , i.e. Now, the total energy change ΔEtot as one straight dislocation of length L goes to the bow-out one of segment length ζ and bow-out distance w is [4] [5] [6] :
To minimize Eq. (31), the characteristic segment length ζc could be obtained as a function of the bow-out distance w: 
Minimizing numerically the total energy change per unit length
, the characteristic bow-out distance wc is determined, and then the zero-temperature energy barrier ΔEbarrier for moving the dislocation pinned by solute atoms from one favorable configuration to another, can be expressed as [4] [5] [6] 
and the corresponding yield stress τy0 at 0 K is obtained as follows [4-6]: 
Implementations and workflows
In the section, we describe the workflow and automated scheme of the PNADIS code based on both the CCPN and SVPN models to calculate the character and properties of dislocation, including dislocation core structure, Peierls stress, pressure field around dislocation core and solid solution strengthening listed in Table 1 . An automated procedure with minimum input parameters is adapted to meet the demands of high-throughput scheme.
The workflow of PNADIS code is schematically shown in Fig. 1 and more details are discussed below:
Read the input file and load default values
Before calculating the properties of dislocation via PNADIS code, the input file named infile.m, including the GSFE, elastic moduli and so on, is needed. The PNADIS code will start from reading the infile.m file, then loading its default value if the value of one parameter is not defined in the infile.m file. In the meantime, it is judged whether the value of parameters defined in the infile.m file is wrong or not. If wrong, the PNADIS code will stop with outputting the error information. All the parameters included in PNADIS code are listed in the Table 2, together with a short description and the default value.
Specify 1D or 2D P-N model
The type of either 1D or 2D P-N model is chosen for the calculation of dislocation properties, which is determined by whether the GSFE is 1D or 2D. To be noticed that for 2D P-N model, it is mainly used to the FCC (111) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] dislocation and HCP (0001) [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] dislocation, e.g. Al [18] , Mg [15, 16] and B1-HfC [19] , while for 1D P-N model, it is mainly used for the dislocation in more complex crystals or slip systems, such as BCC structure (e.g.
Fe [20] ), perovskite (e.g. SrTiO3 [22] and MgSiO3 [23] ) and Mg2SiO4 ringwoodite [24] ).
Fit the GSFE data
In PNADIS code, the GSFE could be fitted via several successful functions, e.g. Eq.
(8). Also, the generalized function of Eq. (7) is able to obtain, for which a plane-wave cutoff k,
for 2D γ-surface, is introduced. An example of fitting the γ-surface of Al (111) plane is presented in Fig. 2 , together with the difference between the fitting and initial GSFE data.
Choose the trial function of disregistry vector
The success of the P-N model attaining a realistic description of dislocation core configuration with a minimum number of parameters is closely dependent on the suitability of trial functions. In the PNADIS code, several trial functions, which have been successfully applied in many dislocation systems [18, 27] , can be obtained for 2D P-N model, i.e. Eqs. (3) (4) . Besides these, the generalized trial function of Eq. (1) is also able to obtain for both 1D and by minimizing the total energy Etotal of dislocation via PSO or GA, the dislocation core structure is determined. It must be noted that the lower and upper bounds, and the initial values of these variational constants are very crucial for whether the global minimum could be found.
In PNADIS code, the lower and upper bounds, and the initial values could be set in the input file of infile.m.
Calculate the Peierls stress and pressure field
After that, the Peierls stress, pressure field around dislocation core and solid solute strengthening can be determined based on the results of dislocation core structure. In PNADIS code, the Peierls energy and stress could be calculated via two methods as introduced in Section 2.4. Examples of determining the Peierls stress of Pd via the analytical formula and the discrete dislocation energy approach based the results of 1D P-N model are presented in Fig. 4 . The GSFE and energy factor in Ref. [35] were used. The pressure field, which is as the input parameter of solid solution strengthening model, can be also calculated by our code using Eq.
(21). In PNADIS code, it is also able to continue calculating the Peierls stress, pressure field and solid solution strengthening based on the previous results of dislocation core structure by loading the pnadis.mat file, instead of calculating the dislocation core structure once again.
Calculate the solid solution strengthening
The solute/dislocation interaction energy is firstly determined on the basis of the results of dislocation core structure and pressure field. Then, it is used to determine the two characteristic parameters of ζc and wc for a bow-out dislocation in a randomly distributed solid solution. In turn, ζc and wc are employed to determine the energy barrier (ΔEbarrier) and the corresponding yield stress (τy0) at 0K. After ending of all calculating progresses, a data file named pnadis.mat will be output, including the values of all input and output parameters. Table 3 [22-24, 30, 35] , confirming the validity of PNADIS code for 1D P-N model.
Evaluations and discussions
1D P-N model for complex crystals
An example of determining the dislocation core structure of the SrTiO3 } 110 { 110  edge dislocation via 1D P-N model is presented in Fig. 3 . It is found that the plateau on the GSFE curve results in a significant core spreading with DSF=11.8 Å, and an agreement is reached with the previous theoretical value of 13.2 Å (as shown in Table 3 ). However, the two particle dislocations are not individualized. As shown in Fig. 3b , the fitting values of FEL agree completely with the calculated restoring force, which indicates the accuracy of the PNADIS code. Fig. 4a illustrates a schematic of the discrete dislocation energy approach to determine the Peierls stress of Pd via 1D P-N model. The GSFE and energy factor in Ref. [35] were used.
It is indicated that the Peierls barrier EP and Peierls stress τP are determined to be 1.62×10 -12 J/m and 136 MPa, which are very close to the reported values of 1.76×10 -12 J/m and 147 MPa in Ref. [35] , respectively (as listed in Table 3 ).
In addition, the analytical formula method is also applied to calculate the Peierls stress of Pd and Al and the results are shown in Table 3 . Our results show a good agreement with previous theoretical values [35] too. The specific process of determining the Peierls stress of Pd via the analytical formula is presented in Fig. 4b , with using the GSFE and energy factor in Ref. [35] . It is seen that the dislocation half-width ξ is determined to be 1.48 Å with an ideal slide stress τis of 11.4 GPa. Ultimately, the Peierls stress is determined to be 174 MPa, which is very close to the reported value of 173 MPa in Ref. [35] , as shown in Table 3 . Tables 4 and 5 list the calculated GSFEs, geometrical parameters of dislocation cores
2D P-N model for FCC and HCP metals
and Peierls stress of all FCC and HCP metals via both of CCPN and SVPN models, together with the experimental data [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] and other theoretical values [8, 9, 15, 17, 52, . The trial function of Eq. (3) was employed, and the discrete dislocation energy approach was used to determine the Peierls stress. As dz and wz are nearly equal to dx and wx, respectively, only dx and wx are listed. Note that the energy factors and GSFEs of FCC and HCP metals employed in this paper are calculated ab initio via the method in Ref. [16] and the elastic properties were determined via the AELAS code [90] . It is found that our calculated GSFEs show a good agreement with the experimental data [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] and other theoretical values [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] . An example of fitting the γ-surface of Al (111) plane is presented in Fig. 2 , together with the difference between the fitting and initial GSFE data. It is seen that the PNADIS code could fit the GSFE data calculated ab initio well.
The predicted geometrical parameters of dislocation cores and Peierls stress listed in Tables 4 and 5 Fig. 7 shows the energy barrier (ΔEbarrier/c 1/3 ) and corresponding yield stress (τy0/c 2/3 ) at 0K of the edge and screw dislocations as a function of the misfit parameters εb and εs. It is found that the energy barrier ΔEbarrier of edge dislocation is much larger than that of screw dislocation, while the yield stress τy0 at 0K of edge dislocation is lower than that of screw dislocation. This is mainly due to the much shorter characteristic bow-out distance of screw dislocation comparing with that of edge dislocation [31] (as shown in Table 6 ). Furthermore, both ΔEbarrier and τy0 at 0K strongly depend on εb for both the edge and screw dislocations but have little relation with εs, which is also found on the solid solution strengthening of Mg alloy [32] . 
Pressure field around dislocation core
Solid solution strengthening for Al alloys
Conclusions
In summary, the implementation and validation of PNADIS code, an automated PeierlsNabarro analyzer for dislocation core structure and slip resistance including both 1D and 2D P-N models, have been presented. The automated feature demonstrates its promise as an effective tool with high efficiency for deriving the character and property of dislocation, including dislocation core structure, Peierls energy and stress, pressure field around dislocation core, and solid solution strengthening. We are currently advancing the PNADIS code to implement the modified SVPN model by considering the gradient energy [91] and nonlocal energy [92, 93] , and the more accurate method to determine the Peierls stress by adding a term describing the interaction of the applied stress on the total energy of dislocation [94] . Figures Fig. 1 . Workflow of the PNADIS code.
Tables
36 The GSFE and energy factor in Ref. [35] were used. The Peierls stress is determined to be 174
MPa.
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